It is found that the x-ray measurement technique is appropriate to determine the mean charge state right at the interaction zone or in the bulk. Interestingly, empirical formalism predicts much lower projectile mean charge states compare to x-ray measurements which clearly indicate multi-electron capture from the target surface. The ETACHA predictions and experimental results are found to be comparable for energies ≥ 2 MeV/u.
Introduction
When an ion beam passes through the target a considerable amount of fluctuation takes place in charge state of the ion due to different atomic phenomena e.g. electron capture and loss processes, inner-shell ionization etc. occurring both in the bulk and at the target surface. In general, final charge state of ions during passage from any solid/gas targets. With this motivation, we confine the work to study the CSD and its parameters right at the ion-solid interaction zone using the x-ray spectroscopy technique.
Experiments
The experiments were performed with the energetic ion beams of 56 Fe and 58 Ni using 15 UD Pelletron [21] accelerator at IUAC, New Delhi. Well-collimated ion beam in the energy range of 1.44 -2.69 MeV/u were bombarded on 80 µg/cm 2 (≈ 113 µg/cm 2 at 45
• ) thick amorphous carbon target foils to produce the equilibrium charge state distribution. The target was placed at 45
• to the beam axis so that the x-ray spectra could be measured right from the ion-solid interaction zone. The x-rays were detected in a Low Energy Germanium Detector (GUL0035, Canberra Inc., with 25 µm thick Be entrance window, resolution 150 eV at 5.9 keV) placed at 90
• to the beam axis to avoid the Doppler shift.
The x-ray produced in the ion-solid interactions were passed through two collimators of 3 mm diameter kept at 55 cm apart whereas the first collimator was placed at 10 cm away from the target. This configuration ensured that the x-rays were coming from a tiny section (±3-4 mm) of the ion-solid interaction zone. In the time scale, the x-ray detector could observe only atomic transitions of very short life-time (few tens of psec) with respect to the centre of the interaction zone. Hence, the x-ray spectroscopy technique could be considered as a measurement right at the ion-solid interaction zone compared to the electromagnetic measurements taking place away from the interaction zone or at t ≈ a few µsec for MeV ions. The x-ray detector was placed outside the chamber at 65 cm away from the target separating a thin mylar window of 6 µm at the interface of detector and chamber. The beam was dumped in a Faraday cup.
Two silicon surface barrier detectors were used at ±10
• to monitor the beam direction. The x-ray spectra observed for all the beam energies are shown in minimized by passing the beam through a blank target frame so that its presence did not affect much the peak structure originated from the projectile ions.
Vacuum chamber was maintained at a pressure around 1×10 −6 Torr. 
Data Analysis and Results
In this work we are intended to determine the charge state distribution of projectile ions right at the ion-solid interaction along with q m and other relevant parameters from the measured x-ray spectra. Accordingly we develop a novel method to extract required information from the x-ray spectra observed. Worth mentioning here that the parameters like charge state fraction, mean charge state etc. obtained at different energies for the particular ion can be compared without normalizing the x-ray spectra. Hence, normalization of x-ray spectra is not carried out in this work like any other electromagnetic methods coupled with position sensitive detectors [22] . It is clear from the spectrum of 136 MeV 58 Ni on C that it contains mainly three structures as shown in Fig. 1 and 2a. In our earlier work the first peak (7 -8.4 keV) is recognized to have originated from the projectile ion x-ray, whereas second and third peak (8.4 -11.5 keV) belong to the projectile-like fragment ions emanating from the nuclear reactions, respectively [23, 24] . It is worth mentioning here that we are only considering the charge changing phenomena in elastic events or in the projectile ions, thus the second and third structures are of no relevance in this work; hence they will not be brought in the further discussion. Another point is to be cleared at this stage that when the fast projectile ions incident on target atom, the collisions create vacancies in the different shells of both target atoms and projectile ions, which cause shift in the characteristic x-ray line energies [25, 26] . The static target as shown in Fig. 2(b) . It should be noted here that K α x-ray energies for Ni are available only for H-like to Li-like Ni [28] . The rest of the energies for Be-like to F-like Ni are scaled from corresponding Fe data [28] .
In this way we have obtained the distribution of CSFs (F q ) due to K-shell vacancy production directly from the measured x-ray line intensities as follows
here, I q and ω q corresponds to intensity and fluorescence yield of the projectile for the charge state distribution is an important characteristic of any plasma [31, 32] . This suggests that ion-solid collisions constitute a tenuous high density plasma in the bulk of the solid target, which is described in detail elsewhere [33] .
Having known the charge state distribution, we step forward to measure the charge state distribution parameters also. Conventionally, the q m is computed using the CSF distribution as follows [34] q m = This is due to the fact that the highly charged ions with the low and intermediate incident energies interact strongly with the target surface. In the earlier work it is reported that projectile ions captures target surface electrons into high Rydberg states to form hollow atoms while entering the target [36, 37, 38] .
However, due to the low energy only the interaction with the entrance surface could be studied so far [39] . that as the projectile energy increases probability of capturing electrons from the target surface start decreasing and at much higher energies (GeV) due to very low interaction time, projectile will not capture electrons from the target surface. Thus at higher energies (GANIL energies) x-ray method, ETACHA predictions and empirical formalism or electromagnetic methods will start following same results due to exclusion of surface effect.
Next we have evaluated distribution width from the given formula [34] 
and plotted them against beam energies in Fig. 5 . Uncertainties in distribution width are determined using standard procedure of propagation of errors. The figure shows good agreement between the measured and ETACHA predicted distribution widths for 58 Ni whereas they depart from each other with higher beam energies for 56 Fe. However, the oscillatory nature in distribution widths is quite common as observed earlier, for example [41] . 
Conclusion
In this work we have determined the charge state distribution and its different parameters like mean charge state, distribution width and asymmetry parameter using x-ray spectroscopy technique. This technique is found to be appropriate to segregate the charge state distribution in the bulk from that of the surface by measuring the charge changing phenomena right at the interaction zone. It is shown that ETACHA code [27] represents well the mean charge state measurements starting from energies ≥ 2 MeV/u. However, an unusual charge state distribution is observed in the form of Lorentzian distribution in contrast to the prevailing Gaussian distribution as predicted by the ETACHA code. Whereas other charge state distribution parameters are found to showing comparable results to ETACHA predictions [27] . It is observed that the q m data from either this measurement or ETACHA predictions [27] are much higher than that from any empirical formula, which is a clear indication of the multi-electron capture from target surface as reported earlier [36, 39, 43, 44] .
